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By Wallace F. D E t v f ~  and George B , Brajnikoff 

A model having a nozzle upstream of 89 mular duct i n l e t  for 
the purpose of eacting high"Ve1ocity air hto the b e y  layer 
of the flow along the f orebody was tested a t  Nch nmbers between 
1.36 an& 2.01.  he size and location of the nozzle and the t o t a l  
gressure of the air  in the j e t  w e r e  varied to detemdne t he i r  
effects  upon the pressure recovery attainable a9ter diff'usion 
through the duot inlet. The results of the tests ahawed that the 
mmTmm t o " p r e s e u r e  recovery waa greater t&mn that of a mdel 
having no a h  ejected. The causes of the greater recovery were  
the delay i n  the eegaration of the boundary layer that resulted 
from mixing between the bcsundary layer and the j e t  and also the 
reduction in the intake W h  m e r  caused by an oblique shock 
wave that originated *am the. nozzle out le t  when the free boundary 
of the j e t  was divergent. 

The results of a prelirnilaary investigation a t  supersonic speeds 
of azlllular duct inlets situated in a region of aypeciable boundary . layer show that the recovery of t o w  pressure after diffusion W&B 
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about twwthirds thet of a normal shock wave occurring at  the free- 
stream Mach number. (See reference 1.) The total-pressure recovery 
waa relat ively low because the severe adverse preesure gradient 
produced  by a rapid decelemtion of the flow inside  the  diffueor 
caused  the boundary layer t o  thicken  and to separate ugetream of the 
duct inlet. I n  order t o  improve the recovery, the intensity of the 
compression ineide the duct must be decreaeed, the amount of low- 
energy air of the boundary layer that enters the inlet must be 
diminished, o r  both factors muet be reduced simultaneously. 

Theae principles were used i n  the deeign of the mdels described 
in  referecce 2. The rate of compreseion of the supersonic stream 
wa8 decremed by creating an oblique ahock wave upetream of the duct 
inlet t o  reduce the mch rrumber at which the ma,jor portion of the 
compression  occurred. The amount of boundary layer r e l a t ive   t o  the 
t o t a l  ma~8 of air flowing through  the intake W&B diminiehed by 
using  an inlet of the same area as the annular entrances but which 
enclosed only a portion of the forebody. The maximum recovery of‘ 
t o t a l  .pressure that was attained i n  the tests of these modele, was 
about f w f i f t h s  that of a normal- shook wave. 

Another method f o r  diminishing the amount of retarded air that 
f l a r e  through  the inlet is to  accelerate the boundary layer of the 
flaw over the f o m b w  by ejecting a stream of higlwvelocity air 
along the e ~ r f a c e  upstream of  tke duct inlet. Such a s p t e m  might 
be practical  for a i r c r a f t  propelled by turb-jet  engines  because 
hie;h”preesure air is available from the compressor of the  engine. 
If a small portion of this a i r  were recirculated and ejected through 
a nozzle into  the boundary layer, separation of the flaw might be 
deferred w i t h  a reeru lb t   increase  irthe recovery of‘ t o t a l  presaure 
at the face of the compressor. The thruet foroe of the engine 
w o u l d  be increaeed if the gain in the available energy due t o  the 
improved prelssure recovery w e r e  greater than the mount of energy 
expended in  recirculation. It is  the purpose of the present report  
to  investigate  the  feasibil i ty of such a system. 

R 

SYMBOLS 

A area 

m rate of mass flaw 

x distance between the nozzle outlet  and the duct entrance 

. 
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The subscripts indicate the station of the measured quantity. 

o free  ekeam 

1 duct  entrance 

2 reservoir of the nozzle 

s se t t l i ng  c h e e r  

4 exi t   throat  

The tests were performed i n  the Am8 8- by &inch Bupersonic 
w i n d  tunnel a t  Mach nwEbers between 1.36 and 2.01 and Reynolds 
numbers, base& upon the length af the body ahead of the eTrtT&nce, 
of 2.21  to'3.10 milllon. The apparatus and mbthods used during the 
investigation are described i n  reference 1. 

The mdel an& the equipment f o r  supplykg hi&+preesure air 
are shown in  figure 1, and the dimensions of the model are  given in 
figure 2. Except f o r  the  presence of the annulax nozzle,  the m o d e l  
is similar to n&lB of reference 1. The forebody, which consista 
of a l h a l i b e r  ogival nose followed by a crlindrical section, is 
five forebodg dimtars i n  length. The pressure  distribution over 
this ehape producea a loca l  Y5ch  nuruber a t  the duct i n l e t  that is 
very nearly equal to that of the f ree  stream, The projected  frontal  
area  of the am-' inlet i s  34.8 percent of ' the wee enclosed by 
the outside l i p  of the entrance. The subeonic diffusor dlverges 
a t  an equivalent cone angle of loo w i t h  an area r a t i o  of 4.45 between 
the i n l e t  and the se t t l i ng  chamber. The e x i t  of the passage through 
the model consists of a variable thmat t o  penult control of' the 
pressure in the   set t l ing chamber. 

During the tes ts  of each model configuration, measurements of 
the tota,l+ressure recovery for incremental changes in the total 
pressure of the Jet or  Fn the am8 of the  exi t  throat were =de w i t h  
the model a t  an angle of attack of Oo. Annular nozzles of two sizes  
were tes ted  a t  th ree  positions  relative t o  the duct M e t .  The 
nozzle throats were 0.0045 inch and 0.0OgO inch in w i d t h ,  and the 
expansion r a t i o  of both w a s  2.0, the area  r a t i o  that tiheoretically 
produces an out le t  mch number of 2.20. The out le ts  of' the nozzles 
were moved from the statior,  of the h c t  i n l e t  by screwing the 
central  body forward on i t a  supporting  tube. As a result ,   the area 
of the annular duct entrance was increased, but  since the projected 
frontal area ( 0 . E O 9  BQ in. ) waa the aame in  each  case, it hae  been 
used as the i n l e t  area AI.  

" 
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High-pressure air was supjlied-t% the l l o z z l e  throilgh the piping 
arrangement shown i n  figure 1 by an air bot t le  located outside the - 
wind tunnel. Since  the  pressure losses through the pipe w e r e  
negligible, the total pressure of the air flowing through the nozzle 
was equal t o  that measured by the Bowdon gage- of the pressure- 
regulating  valve. The stagnation  temperature of the  ejected air 
w a s  measured by a thermometer placed i n  the settling chamber of the 
supply line and was found t o  be nearly  constant during a test. The 
rate of air  flow through the  nozzle w a s  measured by weighing the air 
bottle  before eLiid Zf'ter a teet"-ani3 €-~ngthe-perioii-d-~~ng-which 
the  quick-acting  releaee valve waa open. 

- "~ 

Since an investigation in the 8- by &inch  supersonic wind tunnel 
mist be performed a t  a relat ively amall scale, any phenomena. i n  which 
viscous  effects a m  pronounced-must  include a coneideration of the 
Reynolds nunfber of the . t e s t  and of the  intended  application.  In the 
follcrrTing discuseion, the resulte of the t e s t s  are described, ths 
da ta  are evaluated i n  terms of a hypothetical  propuleive system, and 
predic  tiom are made to  estimate the perf o m 8  under fu l l -ma le  
flight conditions. 

. Wind-Tunnel mta 
A s  sham i n  fig- 3, a large improvemsnt in  the recovery of 

total  pressure can be produced by ejecting high-velocity air into 
the boundary layer u p s t r e d  of an annular  duct  inlet. The t o t a l  
pressure of the air ejected through the nozzle  during the tests 
w a s  limited by the strength of the model. When this pressure was 
the maximum, the  total-pressure r a t i o  H& was approxinstely 5.5. 
T'is ratio  represents the campession  ratio that would be required 
of the campreeeor of a twb-jet engine . t o  produce the conditione 
sf the tests, assuming negligible pressure lossee between the 
ompressor and the nozzle.  For thie condition,  the maxFmum total- 
pressure  recovery (HJH~),, a t  a free-atream Mach nuniber of 1.36 
is 94 percent, and at  a Mach nuniber of 2.01, it is 58 percent. The 
improvement is greatest  at  low eupersonic speeds, and it decreases 
a a  the Mach  number of the f ree  stream approaches that of the jet. 
The r a t i o  ( H ~ / H ~ ) = ~  i s  that a t t a a e d  at -the optimum set t ing d 
the  variable  exit thrmt of the model. Figures-  ehmi 
variation of total-pressure r a t i o  w i t h  mass-fluw mti7 'hem,/% 
lThe mass-flaw r a t i o  is defined as the t o t a l  IIIELSB of air that enters 

the i n l e t  minus the m e s  of air  eJected from the  nozzle divided by 
the mas8 that flaws Yirough a tube of the 8ar~e 3rea as the i n l e t  In 
the free stream. 

-i 
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from w-hich the naximum values were obtained are not ahm in the 
present  report.  Except for larger  total-pressure L'Etios, the 
cwves are a 3 x d h . r  to those for model B of reference 1. 

The position of the nozzle outlet w i t h  respect to the duct 
inlet has a -11 e f fec t  upon the maxim.  tow-yreesure ratio. As 
shown in  figure 3, e e  pressure recovery is a few percent greater 
when the out le t  l a  0.250 inch ahead of the duct entrance t h a ~  when 
it i s  flush with the inlet or a t  a position 0.340 inch -stream. 

The increase i n  the maxhma btal-pregsure recowry reeulting 
f m  an increase  In the ratio of the total pressure i n  the jet t o  
that i n  the free stream is shown i n  figure 4. These data were 
obtained with the 30% in t h e  w e t  favorable position tested. The 
ratio of the total pressum i n  the Jet to that after diffueian 
through the inlet (EJEJ 1s &so shown. AS t he  pressure of the 
&ir in the Jet is increased, the Iuaxlrnum total"pres8u-e r a t i o  
( H ~ / H ~ ) -  increases ~ 1 1 ~ 1 y ,  then rapt-, a d  finally nore s l c w ~  
again as it approaches the ~ J m ~ u n  value. I AB euggested by schlieren 
photographs that a m  presented later and as indicated by theoretical  
considerations, the caxee of this variation is the relationship between 
the shap of the j e t  and the miring of the Jet and the boundary layer.  

ejected air is leas than the static pressure of the edjoining stream. 
As a r e s u l t ,  the bour_dery of the J e t  ia convergent near the outlet ,  
and the Mach rnmher of the eir f l w i n g  into the duct is reLatively 
high because of the expansion  caused by this convergent boundary. 
For  such  conditions, the J e t  produce~l very little improvenrsnt in  the 
pressure recovery, As E& is increased, the static preesure in 
the j e t  and in the ad3oining stream became equal. Then, the boundary 
of the Jet i e  pardbl to  the strean direction, the- average inlet  
Mach nuniber is reducsd,.and the pressure recovery is hrpweB.  The 
total+ressure r a t io s  E&, at which this conditian  occurs have 
been estimated from theoretical  considerations, and are shown Fn 
figure 4. When the total"preesum ratio across the nozzle is 
increased further, the Jet boundcq ia  divergent, and an oblique 
shock wave originates f r o m  the outlet. Consequently, tihe inlet  Mach 
nmber i s  further reduced, a d  the pressure recove= is again 
mroved .  It is also possible that the mixing between the J e t  a,nd 
the boundary layer increases as ' t h e  s&pe of the Jet changes from 
convergent to divergent and thus augments t b  m a t i o n  of pressure 
recote- wit& nozzle-pressure ra t io .  Eventually, the ob3lque shock 
w&v8 would become a detached normal wave, but  before Bnch a change 
cen  occur,  the pressure r i s e  through the oblique wave beoames 
suff ic ient ly  l a rge  to cause the bamb,zy layer to thicken UPStre8.m 
of the nozzle  outlet. As t h i a  occurs, the obliqm ehock wave moves 
f o d  and the bowdezy lapr behind it thickens still more because 

the pressure r a t i o  1s ~lnan, the stat ic  pressure OP %e 

-3 



6 z6AcA RM No. A h 1 3  

of the riee i n  pressure. Then, more retarded air  flows through the 
Inlet, and the rate of increase i n  the maximum total-pressure 
recovery decreases. 

In order t o   e h m  the effect& of nozzle s i z e ,  the variation of 
maxlrmrm totalcpressure  ratio w i t h  the r a t i o  of +he of a i r  
flaring thmugh the je t  t o  that of the free stream flawing through 
the  duct inlet  is shown i n  figure 5 f o r  the two nozzles tested. 
Daubling the mas8 of air In the Je t  by doubling  the s i z e  of the 
nozzle has very l i t t l e  ef fec t  upon the total-pressure  recovery. 
This f a c t  suggests that nozzles smaller thm those of the teste 
with  correspondingly smaller mss flaws might  produce the 
pressure  recovery. Hmever, no tests could be made of such models 
because of the di f f icu l t ies  involved in  accurately  conetructhg a 
smaller nozzle. - - .  

Schlieren  photographs of the flaw a t ,  a MsGh nwiber of 1.70 with 
the Jet  operating a t  a nozzle-pressure r a t i o  &/& of 3.05 are 
sham i n  figure 6 0 or ,  vari0-m out l e t - i0 . t  ama ratdoe A4/A1. The 
general nature of the fluw is the same ae that described in refe- 
ence 1. A t  out1et;inlet area ra t ios  above 1.15, the fluw through 
the inlet is supersonic  and the maereflow r a t i o  is  nearly constant. 
A n  oblique shock warn ocours a O  the l i p  of the :e,t outlet because 
of the deflection of the stream resul t ing.  frw the divergent 
boundary af the jet. Reducing the oit lehinlet  area r a t i o  increasee 
the  total-preseure recovery t o  the,mximum value,'and a fur ther  
reduction cau8es  the flow t o  fluctbate as  sham i n  the photographs 
taken consecutively at  an area r a t i o  of 0.94. Them pictures ehcw 
that the jet prevents the violent  separahon of the boundary layer 
that occurs a t  the corresponding  area  .ratios,  but a t  lower total- . 

pressure  ratios, w i t h  the models of .Feferences 1 attd 2. Further 
reduction of the outlet  area cau8es the .boundaky layer  to  separate 
a6 w i t h  the other models. The boundary lager sep'arates upstream of 
the- j e t  outlet, a fact which indicates that the influence of the 
adverse pressure gradient  resulting from the deceleration of the 
flow from supersonic to  eubson~c  speeds exter.de through a subsonic 
portion of the fluw that has not beer, 'mixed;with the Bupereonic jet. 

. .  . 

Schlieren  photographs ehowing the 'effects Of,the total pressure 
i n  the Jet are presented In figure 7 i n  order to-substantiate the 
exphnation  given for the . s a p  of the c u r i e s  of figure 4. When the 
nozzbpreseure   ra t io  &/a is  law, an 
a t  the l i p  of the nozzle  outlet. A t  the 
only very weak  disturbances are vieible,  
pressure  ratio, an oblique shock wave i s  
out le t  . 

L L  
z 

I_ 

expansion is seen to  occur 
$nterme&late p ~ ~ u r e  rat io ,  
and a t  the mazimum nozzle- 
seen to  originate from the 
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In order t o  campare the performance of an intake w h l c h  utilizes 
recirculated air to delay separation of the 'boundary layer w i t h .  that 
of other types of inlets, an equivalent total-pre~sure ratio d an 
aasumed propulsive agetern has been calculated. This " e q u i ~ n t ' *  
total-pressure ra t lo  is defined as the pressure recovery required af 
the intake f o r  an engine having no recircula*ion that w o u l d  produce 
a thrust force equal to that of 811 engine utilfzing recirculatfon, 
provided that the mass of air flow through both engines. The 
foIlowfng conditions w e r e  assumed in the a l p i ~  : 

3. The campressq of the system harlng no recirculation 
produces a compmssion ratio2 of 4.0. 

5. The energy available f'ran the two turbines is the sam 
whether air is recirculated or not, and the thrust of the engines 
is proportional to  the product of the respective total-pressm-8 
ra t ios   across  €.he Intake system and the preseure ratios of the 
compressore. 

6. The static temperature of the air in the free stream is 
-67' F, the temperature In  the ieothemal  atmosphere. 

The computations were  made i n  three steps: 
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1. The work required  to ccmprese 1 pound of air per eecond 
through a compression r a t i o  of 4 was calculated by the method of 
reference 3 .  This m m t  of  work i e  constant  for a l l  conditions 
a t  a given  stagnation temperature, or  Mach nuniber, and represents 
the pawer -reqcired from the turbine.  

2. The difference between the power required from the turbine 
as determined i n  step 1, and the parer used i n  compressing the 
rec i rcu la ted   a i r  was med t o  compute the reduced c ~ r e s e i o n   r a t i o  
of We compressor of an engine  utilizing  recirculation. 

3.  The equivalent  total-pressure  recovery wae then calculated 
by multiplying the meeaured pressure  recovery of the inlet t h r o w  
which air  was recirculated by the  reduced  compression r a t i o  (step 2) 
and dividing by the orlginal r a t i o  of 4. 

Therefore,  the  feasibility of a propulsive eystem i n  which some of 
the air  is recirculated depend8 upon w h e t h e r  the iqrprovement in the 
neasured recovery overccmrpensatee f o r  the decreaee in the cau.rpreesion 
r a t i o  of the compressor. 

The equivalent total-pressure ratioa that correspond . t o  the 
conditions of figure 'j for   the cozz le  having a throat w i d t h  of 
0.0045 inch  are sham in f igure 8. The resulte f o r  the nozzle 
having a 0.00-inch throat are not  ehmn  bemu-se the gam of air 
that m a t  be recircclated to produce a given  pressure  recoverg is 
nearly  twice that of the  emaller noizle; therefore, the  equivalent 
tota1"pressure r a t i o   l e  m c h  BIlaEtller. The maxim equivalent 
recoverr  for the W h  number range of the tests occur8 when the 
rms~ of a i r  expelled i e  about 1 4  percent of the 111&se of free-stzqam 
a i r  that flaws through the W e t .  

The m i a t i o n  with free-stream Mach  number of the znaxinaur; equiva- 
l en t  total-pressure r a t i o  and the  recovery measured at the correspon21- 
ing recirculated mass-flaw r a t i o  a r e  s h m  i n  figure 9. The equivac 
l en t  recovery is about 8 percent greater than the total-preseure 
r a t i o  of a model having no air ejected  fnto the b m d a r y  layer. "hie 
improvement i e  about equal t o  that attained by a model having an €mnular 
entrance wlth 5O ramp. (See reference 2.) Although this  increaee  in 
the pressure  recovery  appears small and not w o r t h  the dnmplicatia of 
the ducting  required to   recirculate  the air, the  equivalent  total- 
pressure ra t fo   a t ta ined a t  a larger scale will probably be somewhat 
larger. 

Suale Effect8 . .  

If the tests were performed under full-male flight conditions, 
i t  is probable that"the equivalent total--pressure recovery would - 
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approach the maxbmn tota1”pressure ratios measured in the wlnd 
tunnel. Aseuming that thg aam tgpe of flow exists in either case, 
the  thiclmess of the bounda,ry 3ayer on the mall model is larger in 
proportion t o  the size aP the model than it would be on &IL airplane 
in flight. The Reynolds nuaiber of the flaw over an equivalent 
airplane having a forebody diameter of 6 feet  and flying at a Mach 
nlrmber of l r 7 O  at an altitude aP 60,000 feet  would be about 13 times 
that occur r i ng  in the w i n d ” t U n n e 1  tests. The ra t io  of the boundary- 
layer thickness a t  corresponding longitudinal s t a t t b  to the 
forebody diameter w o u l d  be about a q-r of that of the mall- 
scale model if the boundary layer, a6 in the model tests, were lamhar. 
Assuming that the satlle r a t i o  of the mass of air in the boundary 
layer t o  the mass of air In the Jet  w o u l d  be required, roughly me- 
fourth of the -8 ra t io  n ~ & ~  indicated in the wind-tunnel tea ts  
would  be required to produce a given pressure recovery in flight. 
For such a reduction in  the mass of the reoirculated air, -the equiva- 
lent pressure recovery would surpass the measured recovery of a duct 
s y s t e m  having no recirculation by about 17 percent. A8 suggested by 
the d a t a  of figure 5, a prqportionately emaller nozzle than that of 
the wind-tunnel t e s t s  might be w e d  on a larger  Installation to 
produce the same mxbmm total+presmre ratioe. E so, lee8 air 
w o u l d  be recirculated and the  equivalent recovery would be sti l l  
larger. ’ 

Tests a t  Mach nlmibere between 1.36 and 2.01 of a model having a 
nozzle upstream of an annular duct inlet  for the m s e  of ejectfng 

- high-mhity air i n t o  the boundary layer of the flaw along the - forebody have sham the following effects : 

1. The total-preseure ratio  attainable &ter diffusion 
is greater than that of a unmparable model having no air ejected. 

2. The oBu8es of the greater reuovery are the delay in the 
separation of the b o u x k q  layer resulting from mixing  between the 
boLuiaarJr layer and the jet and also the reduotian in the intake 
Mach nuznber caused by an oblique shock wave originating from the 
nozzle outlet when the free boundary of tihe je t  is divergent. 

3. X the  high-pressure air  ejected through the nozzle were 
supplied by the ocmrgressor of an assumed turbc+jet engine, the 
pressure  recovery effective in pmduoing thrust is about 8 perceut 
greater f o r  an engine that utilizes  reoirculaqon than f o r  an engine 
that does not. 
Arnes Aeronautical Laboratory, 

mtional A d v i s q  Connnittee far Aemnautlcs, 
Moffett Field, Calif. 
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K o t e :  Enife-edge parallel to the etream 

direction: - - - 3.03; x = 0.25 322. 
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Flgure 6.- Schlieren photographs of the flow at a Fach number 
of 1.70 about the model w i t h  varioua outlet-inlet area ratios. 
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N o t e :  Knif-dge garallel to the st ream direction x = 0.250 in. 

Figure 7.- Schlieren photogm.phe of the flow at a Mauh number 
of 1.70 about the model w i t h  various nozzle-pressure ratios. 
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Figure 8. -Viriution of equivdenf to fa/-pressure ratio 
wiM recirculated mass-flow ratio. 
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